The mating system of Dryobalanops aromatica in three dierent forest types and a seed orchard was quanti®ed by allozyme analysis of progeny arrays using a mixed-mating model. The primary forest (Bukit Sai) had the highest multilocus outcrossing rate (t m 0.923 0.035), followed by logged forest (Lesong; t m 0.766 0.056) and arti®cial forest (FRIM; t m 0.661 0.066) with seed orchard showing the lowest (Tampin; t m 0.551 0.095). Deviations from the mixed mating model were evident from dierences in pollen and ovule allele frequencies, and heterogeneity of pollen pools in all three dierent forest types and the seed orchard. A high rate of outcrossing in primary forest (t m 0.92) may indicate that the species is self-incompatible, but a lower value in the seed orchard (t m 0.55) might suggest further that the self-incompatibility system is weak. The outcrossing rate was greater in the primary forest (t m 0.92) than in logged forest (t m 0.77). It is argued that this might be a consequence of the lower density of¯owering trees and alteration of pollinator foraging behaviour in logged forest. Higher values of correlated mating (r p ) and biparental mating (t m ) t s ) in primary forest (0.08 and 0.39, respectively) in comparison with logged forest (0.03 and 0.11, respectively) demonstrate that logging activities might reduce the seeds produced through consanguineous mating. Compared with primary forest, it is argued that lower rates of outcrossing in arti®cial forest (t m 0.67) and seed orchard (t m 0.55) might be attributed to lack of¯owering synchrony and insucient number of pollinators. The high level of correlated mating (r p 0.43) and biparental mating (t m ) t s 0.12) in the seed orchard may further suggest that the seed orchard was established using related seed sources.
Introduction
The mating system is an important determinant of the genetic structure and evolutionary inherent of natural populations because it establishes the pattern of how uniting gametes form the next generation (Allard, 1975) . It is dynamic and can vary in space and time. Heterogeneity of outcrossing rates has been observed among populations (Liengsiri et al., 1998) , among individuals within a population and between fruiting seasons (Murawski et al., 1994a) . It can be a result of ecological factors, such as size and density of populations, density of¯owering trees,¯ower phenology, pollinator foraging behaviour and relative number of pollinators (Brown et al., 1989; Adams, 1992; Mitton, 1992) .
The destruction of tropical forest by logging activities may have many diverse eects on the forest biodiversity. These include the changes of competitors among plant species, alteration in pollen and seeds dispersal patterns via animal vectors, and contraction in eective population sizes of plants and animals (Nason et al., 1997) . As most tropical trees are animal pollinated (Bawa et al., 1985; Bawa, 1990) , changes in plant density and the destruction of pollinator habitats may have critical eects on the fertilization success of individual trees within a fragmented landscape (Aizen & Feinsinger, 1995) .
Dryobalanops aromatica, locally known as Kapur, is an emergent canopy tree occurring in Sumatra, Riau Archipelaga, Borneo and Peninsular Malaysia (Symington, 1943) . It occurs abundantly in the lowlands but also occurs in the hills (up to 365 m altitude). In Peninsular Malaysia, it is limited to the eastern coast of Trengganu, Pahang and Johor, as long belts just inside the beach area. In Johor, it spreads westwards into the hills (Wyatt-Smith, 1964) . In gregarious stands, it may make up to 90% of the total volume of timber (Foxworthy, 1927) . The tree is easily distinguished by its purple brown, scaly bark, its aromatic cut and small, aromatic, ovate leaves. It¯owers simultaneously and has small white hermaphrodite¯owers. In Peninsular Malaysia, the reported¯oral visitors are honey bees, Apis dorsata and A. indica var. cerrana (Appanah, 1981; Ashton, 1988) . The fruits have an ovate nut, large wing (about 5 cm long) and are dispersed by gravity; thus most of the fruits fall under the crown of the mother tree. It is one of the fastest growing timber species in Peninsular Malaysia. The timber is a medium hardwood and is moderately durable in tropical conditions. It is suitable for heavy construction, posts, beams, joints and railway sleepers.
Estimations of outcrossing rates in plant populations have been reported for several tropical species and most of the species are predominantly outcrossing (summarized by Nason & Hamrick, 1997) . Recent studies have focused on how the outcrossing rates can be in¯uenced by forest activities. Murawski et al. (1994b) found that the reduction in population density of Shorea megistophylla following a selective logging event had enhanced sel®ng substantially. Similarly, Murawski & Hamrick (1992a) reported that the outcrossing rates of Cavanillesia platanifolia were positively correlated with density of¯owering trees. However, Hall et al. (1996) demonstrated outcrossing rates to be independent of tree density in Pithecellobium elegans. The low density of owering adults just resulted in poor seed crops or failure to set fruit for many individuals. Doligez & Joly (1997) reported that in Carapa procera, outcrossing rates in logged plots were signi®cantly lower than in undisturbed plots, even though tree density in logged plots was not signi®cantly dierent from undisturbed plots. In contrast, Kitamura et al. (1994) found no signi®cant dierence for outcrossing rates of D. aromatica from Brunei in secondary (t m 0.79) and primary forest stands (t m 0.86), even though¯owering tree density in secondary forest was signi®cantly lower than primary forest. Comparing outcrossing in arti®cial and natural forests is fundamental to a better understanding of mating systems in arti®cial populations and provides useful information for seed orchard design and management. Besides looking at natural populations (primary forest and logged forest), this study also investigated the mating characteristics of D. aromatica in an arti®cial forest and a seed orchard, established outside the native range of the species. No information on D. aromatica mating system parameters from arti®-cial forest and seed orchards is currently available. It is postulated that in arti®cial forest and seed orchards, eective breeding population sizes are reduced due to lack of¯owering synchrony.
Materials and methods
The three dierent forest types and a seed orchard were located in Peninsular Malaysia. Bukit Sai (Compartment 8b) was the primary forest, Lesong (compartment 129) the logged forest, Forest Research Institute Malaysia (FRIM; ®eld 25, 9/11 and 10v) the arti®cial forest, and Tampin the seed orchard. Bukit Sai and Lesong belong to the lowland dipterocarp forest types with D. aromatica being the predominant species. Selective logging operations in Lesong carried out between 1996 and 1997 intensively reduced the density of mature D. aromatica and other dipterocarp trees. The arti®cial forest of FRIM was established in 1927; its 200 ha comprises D. aromatica and various dipterocarp and nondipterocarp timber tree species, and is surrounded by primary and secondary forests. The D. aromatica seed orchard of Tampin (2 ha) was established in 1928 by the Forest Department and is surrounded by rubber plantations. The seed source of the arti®cial forest and seed orchard is unknown.
Estimations of the densities of D. aromatica mature trees (more than 30 cm d.b.h.) were made from ®ve plots, each 0.25 ha in area, in each of the three forest types and the seed orchard. Fifteen individuals per hectare were found in Bukit Sai, seven in Lesong, 16 in FRIM and 20 in Tampin. During August 1998, the mass fruiting season of D. aromatica in Peninsular Malaysia, estimates based on the ®ve plots showed that approximately 60% of the adult trees in Bukit Sai and Lesong, 40% in FRIM and 30% in Tampin were fruiting. Ten mother trees were selected each from Bukit Sai, Lesong and Tampin and 15 from FRIM. Mother trees were selected randomly with intervening distances of 100±1000 m. Seeds were collected using the`shakingcatch' method, in which a weight attached to a nylon ®shing string was shot over a branch using a catapult, and used to haul up a thicker, stronger nylon line. The ends of the line were then pulled vigorously to detach the seeds; the seeds were easily caught as they gyrated toward the ground (Lee et al. 2000a) .
Embryos of 35±40 seeds of each mother tree were homogenized in 200 lL extraction buer, consisting of 50 mM M borate buer (pH 8. M PEG, 0.5% 2-phenoxyethanol, 1% tergitol, 0.2% MgCl 2 , 0.2% CaCl 2 and 5 mM M EDTA. Electrophoresis was performed using horizontal starch gel. Genetic interpretations of the banding patterns were based on two criteria: (i) if the maternal genotype for a given locus was heterozygous, approximately half of the progeny were heterozygous, consistent with expectations of sel®ng, outcrossing, or mixed mating; and (ii) all progenies carried at least one maternal allele. Nine allozyme systems were selected for consistent resolution and enzymatic activity. Malate dehydrogenase (MDH), isocitrate dehydrogenase (IDH), phosphogluconate dehydrogenase (PGD) and hexokinase (HEK) staining zones appeared polymorphic but were uninterpretable, and were omitted for the analysis. Alcohol dehydrogenase (ADH) was monomorphic. The remaining allozyme systems were assayed on two gel and electrode buer systems. Aspartate aminotransferase (AAT) was resolved on a lithium borate buer (Ashton & Braden, 1961) ; glucose phosphate isomerase (GPI), phosphoglucomutase (PGM), and shikimic dehydrogenase (SDH) were resolved on a morpholine citrate buer system at pH 6.1 (Clayton & Tretiak, 1972) . For enzyme systems with either more than one zone of activity or in zones of activity with more than one allozyme, the zones/loci were designated numerically (beginning with 1) and alleles were designated alphabetically (beginning with A), both in decreasing order of relative mobility.
Mating system parameters were determined using the estimation procedures of Ritland (1994) , based on the mixed mating model of Brown & Allard (1970) . From progeny array data and through maximum likelihood procedures, the program simultaneously estimated: multilocus outcrossing rate (t m ) using the Newton Raphson method; average single locus outcrossing rate (t s ); pollen and ovule allele frequencies (p and o) using the expectation maximization method; correlation of outcrossed paternity within progeny arrays or probability that a randomly chosen pair of progeny from the same array are full sibs (r p ) using the Newton Raphson method; and variances of the above quantities using the bootstrap method where the progeny array (within families) is the unit of resampling (250 bootstrap replicates). Maternal genotypes were derived following the method of Brown & Allard (1970) .
The assumptions of the multilocus mixed mating model are that: (i) each mating event represents a random outcross or a self-fertilization; (ii) segregation within locus is assumed not to be linked to other loci; (iii) no postmating selection occurs; (iv) segregation in the heterozygous maternal trees is assumed to be strictly Mendelian in 1:1 ratio for both pollen and ovule production; (v) outcrossing rates are uniform across maternal genotypes; and (vi) the pollen pool is assumed to be homogeneous over all the maternal trees (Ritland & Jain, 1981; Brown et al., 1989) . In order to test for violations of the last assumption of the mixed mating model, chi-squared tests were performed to determine homogeneity of the pollen pool reaching each female. The calculation of the test statistic was performed as v 2 NG ST (A ) 1), where N is the total number of pollen gametes, G ST is the proportion of among-tree variance in pollen allele frequencies relative to the total variance in pollen allele frequencies and A is the number of alleles at a locus (James et al., 1998) . The degrees of freedom are (M ) 1), where M is the number of maternal tree examined. Dierences between pollen and ovule frequencies were tested by v 2 KF ST (A ) 1) which has (A ) 1) degrees of freedom. K is the sum of the number of pollen and ovule gametes and F ST is the genetic diversity between pollen and ovule pools (Murawski & Hamrick, 1992b) .
Results
Multilocus and single locus outcrossing rates estimated in the three forest types and the seed orchard are shown in Table 1 . The primary forest (Bukit Sai) had the highest multilocus outcrossing rate (t m 0.923 0.035), followed by logged forest (Lesong; t m 0.766 0.056) and arti®cial forest (FRIM; t m 0.661 0.066), with seed orchard showing the lowest (Tampin; t m 0.551 0.095). Average single locus estimates of outcrossing value (t s ) were consistently lower than multilocus estimates in all the three forest types and the seed orchard, ranging from 0.843 (Bukit Sai) to 0.436 (Tampin). Interlocus variation of single locus outcrossing rate is evident in all except Lesong (Table 1) . As all estimates were made from the same set of embryos, variability in the actual proportions of selfed and outcrossed progenies might not be conferred to the observed single locus estimates of outcrossing rate. The variability is likely a consequence of random variation and violation of the assumptions inherent to the estimation procedure, for example the heterogeneous pollen pool or positive assortative mating.
Inference of biparental mating can be made from the comparison between multilocus and average single locus outcrossing rates. Single locus outcrossing rate is expected to be biased downward by any inbreeding in addition to sel®ng, thus the mean is expected to be lower than the multilocus outcrossing rate when mating among relatives occurs (Brown, 1989) . Comparison of these two values in Table 1 showed that Tampin has the highest value of biparental mating (t m ) t s 0.115 0.022) and Lesong exhibited the lowest (0.036 0.014). Similarly, the probability that progeny from the same array are full sibs, was highest within the maternal trees in Tampin (r p 0.428 0.093) and lowest within the mother trees in Lesong (r p 0.107 0.063).
Signi®cant dierences in pollen and ovule allele frequencies were detected in all the loci for each of the three forest types and the seed orchard (P < 0.01; Table 2 ). These observed discrepancies in allele frequencies between the pollen and ovule pools may have been caused by migration of pollen from outside the population in the natural forest (primary and logged) and nonrandom mating of genotypes during outcrossing events in arti®cial forest and seed orchard. It might also be a consequence of the small number of maternal parents sampled from each population; estimates of allele frequencies of ovule are likely to dier signi®cantly by chance from ovule allele frequencies in the total adult population.
Violation of the mixed mating model occurs when signi®cant heterogeneity in pollen allele frequencies exists among maternal trees. As shown in Table 3 , the null hypotheses of homogeneity of pollen pool gene frequencies over maternal parent was rejected for all the loci (except Sdh-1) in each of the three forest types and the seed orchard (P < 0.01), indicating that the maternal tree did not receive pollen at random from all synchronously¯owering trees. The consequence of this violation is not readily measurable, but as shown by Ritland & Jain (1981) , it has a minor eect on the multilocus estimates of the population outcrossing rates.
Discussion
The multilocus outcrossing rate (t m ) from primary forest was 0.92, indicated that D. aromatica under natural conditions can be grouped under the predominantly outcrossing category. This value is slightly higher than reported for the same species in Brunei (t m 0.86), and some of the dipterocarp species such as (Chan, 1981; Dayanandan et al., 1990; Sakai et al., 1999) . Even though controlled pollinations have not been carried out for D. aromatica, high rates of outcrossing observed in natural forest, and the hermaphrodite nature of their¯owers, indicate that self-incompatibility is present. However, low rates of outcrossing observed in the seed orchard (t m 0.55) may also indicate that the self-incompatibility system is apparently weak, as a large proportion of seeds were produced through sel®ng. Kitamura et al. (1994) who worked on D. aromatica in Brunei demonstrated that the outcrossing rate of logged forest was not signi®cantly dierent from primary forest. However, in this study, outcrossing rate , 1997) . For this study, as the logged and primary forests are not interspersed within a single study site, it is possible that these dierences in estimates result from plot-level factors rather than logging itself. However, as selective logging involves extracting a proportion of trees of reproductive size and, furthermore, as D. aromatica is the main targeted species for timber, local population density and density of¯owering trees have been necessarily reduced. Estimations based on ®ve 0.25 ha plots support this, with density of mature trees in logged forest (7 ha )1 ) much lower than that in primary forest (15 ha )1 ). Reduced numbers of¯owering individuals in logged forest may result in changes of pollen quantity and quality, which, in turn, could lower pollinator densities (Bawa, 1990 ). Aided by a weak selfincompatibility system, this may signi®cantly elevate the proportion of seeds produced through sel®ng.
As pollination results from a complex series of interactions between the plant and vector agent, conditioned by the environment experienced prior to and during anthesis, decrease in density is probably not the sole cause of the decrease in outcrossing rate on logged forest. As reviewed by Sedgley & Grin (1989) , pollinator foraging behaviour can be aected by ambient conditions, wind speed, solar radiation and humidity; pollinator activities will be maximized if plots are located at sheltered sites where the weather is mild and sunny during the¯owering period. Opening of the canopy due to logging would certainly increase local temperature and the amount of light penetration. It is argued that these local microclimatic changes might be unfavourable to pollinator movement and thus reduce the eciency of intertree pollination. Besides, selective removal of trees might increase the local-scale distance among conspeci®cs, to such an extent that it could not be bridged by means of pollen¯ow. This may result in low levels of outcrossing. Higher values of correlated mating (r p ) and biparental mating (t m ) t s ) in primary forest (0.080 and 0.389, respectively) in comparison with logged forest (0.036 and 0.107, respectively), may also suggest that the population is structured to some extent. With neighbours more closely related to each other than individuals farther away, thinning of the stand as a result of logging may reduce inbreeding by consanguineous mating.
The outcrossing rates of arti®cial forest (t m 0.66) and seed orchards (t m 0.55) are generally lower than primary forest (t m 0.92). In contrast, a few studies on wind-pollinated species have reported outcrossing estimates from seed orchards to be higher than from natural populations (Shaw & Allard, 1982; Rudin et al., 1986; Zheng & Ennos, 1997) . Comparisons of wind-and animal-pollinated species have shown that the outcrossing rates of wind-pollinated species are relatively insensitive to short-range environmental¯uctuations, but in¯uenced primarily by¯oral structure and degree of self-compatibility (Brown et al., 1989) . As adult tree densities in FRIM and Tampin (16 and 20 ha )1 , respectively) are slightly higher than in primary forest (15 ha )1 ), adult densities do not seem to account for the dierences in outcrossing estimates. FRIM and Tampin are situated in the western part of Peninsular Malaysia, whereas the natural habitat of D. aromatica in Peninsular Malaysia is limited to the eastern coast of Terengganu, Pahang and Johor. This also means that during the cultivation processes, the plant is removed from the ecosystem in which its breeding system has evolved. Availability of pollinators in the new ecosystem might be one of the major factors that can reduce outcrossing events. Besides this, dierences in climatic and weather conditions in the new ecosystem may eect the timing of¯oral development, resulting in lack of owering synchrony, which can reduce the eective The number of¯owering trees in the arti®cial forest is more or less the same as in the seed orchard. However, as shown in Table 1 , outcrossing rate in the seed orchard (t m 0.55) is lower than in the arti®cial forest (t m 0.66). Eective pollination requires the establishment of some relationship between the plant and its pollinators: the vector must receive sucient bene®t from visiting the¯owers to make it continue to act as a pollinator. For honeybees (Apis dorsata and A. indica var. cerrana), the bene®t is nectar. The population dynamics of pollinators in a seasonal dipterocarp forest are particular appealing. In these communities, the dipterocarps as well as other species,¯ower and fruit every few years (Ashton, 1988) , and certain groups of trees are serviced by pollinators that migrate from secondary forests during the gregarious¯owering (Appanah, 1985) . Regionally synchronized mass¯ow-ering within dipterocarp species at multiyear intervals is an eective way of promoting widescale development and movement of pollinator population (Ashton, 1988) . However, the fate of pollinators during other years is generally unknown. They could subsist on other species that are relatively uncommon but very signi®cant in providing resources to the pollinators at critical periods or, as suggested by Appanah (1985) , they might migrate from nearby forest during the gregarious¯owering season. This scenario is possible for FRIM's arti®cial forest as it was established with D. aromatica and various dipterocarp and nondipterocarp timber tree species, and is surrounded by primary and secondary forests. A lack of pollinators might be expected in the studied seed orchard as it was established with D. aromatica alone and is surrounded by rubber plantations. The high level of correlated mating (r p 0.43), and most importantly, the signi®cant level of biparental mating (t m ) t s 0.12) observed in seed orchard, may also indicate that the population was genetically substructured, which may suggest further that the seed orchard was established using related seed sources.
In summary, the results indicate that logging activities will increase the proportion of seeds set by sel®ng. However, if a population is genetically structured to some extent, logging activities may reduce inbreeding caused by consanguineous mating. As further exploitation of tropical forest is unavoidable, forest management systems that can enhance outcrossing events but minimize inbreeding through consanguineous mating, would have a vital impact on sustainable forest management. This is feasible if information on intrapopulation genetic variation is available. The information can be generated using molecular markers or by inferring the mode of pollen and seed dispersal. Establishment of arti®cial forest and management of regenerated forest should consider the importance of extensive forest stands surrounding the managed areas in providing both pollinators and genes; these latter may buer the managed areas against reproductive failure or loss of allelic diversity. For seed orchards, the degree of inbreeding displayed by the individual is a critical issue in assessing the genetic quality of the seed crop. The amount of inbreeding is not only dependent upon the genetic propensity towards sel®ng of an individual, but also on the spatial con®guration of the relatives in a plot. Thus, in order to attract pollinators, and at the same time avoid contamination of pollen from individuals outside the plot, it is vital to establish seed orchards in their natural habitat, near or within forest areas consisting of other dipterocarp and nondipterocarp species. In addition, forested areas need to be divided into appropriate planting zones based on available ecological and biological data. Genetically unrelated seedlings can then be planted only in their own planting zones.
